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FOUR BED REGENERABLE FILTER SYSTEM 

The invention relates to the art of filtering and, more particularly, to a filtering system for 
removing more than one contaminant from a gas or fluid. 

Incorporation by Reference 
The present invention relates to filtering systems for removing contaminants from a gas or 
fluid. United States Publication No. 2002/0005117 discloses a filtering system for removing 
chemical and biological agents from air and is hereby incorporated by reference as background 
material for showing the same. U.S. Patent No. 6,319,303 discloses a four bed filtering system for 
gas and is hereby incorporated by reference as background material for showing the same. 

Background of the Invention 

-j 

It is known that microporous adsorbents can be used to remove a contaminant from gas and 
liquids. However, adsorbents such as activated carbon become saturated with the contaminant and 
must be replaced by fresh adsorbents to maintain the desired performance of the filtration system. 
This can be costly and can be labor intensive in view of the environment in which filtering systems 
are often utilized. Furthermore, constantly replacing the adsorbent material can lead to human error 
wherein the adsorbent is still in service after its useful life. 

In order to overcome the problems associated with changing out filters once the adsorbent 
becomes saturated, systems have been designed which utilize adsorbents that can be regenerated and 
reused. In general terms, there are two types of regenerable systems. The first is a pressure swing 
adsorption system and the other is a thermal (temperature) swing adsorption system. These systems 
allow a filter bed with an adsorbent material to be used over and over. In operation, a fluid is 
introduced into a filter bed wherein the adsorbent material removes a contaminant from the fluid. 
The filter bed includes sufficient amount of the adsorbent material to continue to remove the 
contaminant from the fluid stream for a designated period of time. At that point, the adsorbent 
material is at least partially saturated with the contaminant from the contaminated fluid stream. In 
order to remove the contaminant from the adsorbent material, a regeneration process is performed 
on the filter bed. As stated above, this can include pressure swing regeneration or temperature swing 
regeneration. However, during the regeneration process, the filter bed cannot be used to filter the 
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contaminant from the fluid stream. Therefore, a second filter bed is usually provided, such that the 
second bed is in use when the first one is being regenerated and vice versa. 

Temperature swing regeneration utilizes heat to remove the contaminant from the adsorbent 
material to allow the adsorbent material to be reused. There are many industries which utilize 
5 thermal or temperature swing adsorption processes. These applications include solvent recovery, 
air drying and removing contaminants such as C0 2 and H 2 0 from air prior to cryogenic separation. 
While temperature swing adsorption is an effective way to maintain the filters in a filter system, it 
can be expensive due to the high energy costs associated with producing the heat necessary to 
regenerate the filters. 

10 Pressure swing adsorption (PSA) utilizes a pressurized regeneration gas that is introduced 

to the filter beds in a direction reverse to the flow of the higher pressure feed gas containing the 
contaminants. By passing low pressure gas in this reverse direction, the contaminants are removed 
from the adsorbent(s) so that the adsorbent(s) can be reused. As with the thermal swing adsorption 
system discussed above, the PSA system can also be expensive to operate due to the power 

15 consumption associated with pressurizing the feed gas, which typically necessitates a compressor 
and/or access to an industrial process which utilizes compressed gas. The items may not be 
conveniently available for certain applications. In addition, the purge gas requirements for PSA 
systems increase significantly as the adsorption isotherm for the given contaminants becomes more 
favorable. But favorable adsorption isotherms are needed to achieve high product purity with a 

20 reasonable volume of adsorbent. Therefore, achieving high purity product gas using PSA typically 
requires many beds and complicated cycles. 

As is stated above, while use of a regenerable adsorbent can overcome some of the problems 
associated with replaceable adsorbents, the regeneration process necessitates the filter bed being at 
least partially pulled offline for the regeneration process. As a result, while the filter bed is being 

25 regenerated, the filtering system cannot process contaminated gas. This necessitates the system 
being shut down during the regeneration process. In order to overcome this problem, multiple filter 
beds have been utilized to allow one filter bed to be online and removing contaminants from the 
contaminated gas while the other filter bed is in a regeneration stage. While this overcomes the 
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problems associated with shutting down the filter system for regeneration, it doesn't overcome the 
high energy requirements of the system. The energy requirements of the system is even a greater 
problem when the system is designed to remove more than one contaminant from the gas and/or 
when it is utilized at a remove location. 
5 Accordingly, it has been considered desirable to develop a new and improved regenerable 

filter system which overcomes the foregoing difficulties and others and provides more advantageous 
results. 

Summary of the Invention 

In accordance with a first aspect of the present invention, a regenerable filter system includes 

10 a flow path along which a stream of fluid flows between an inlet and an outlet and a first filtering 
unit in the flow path between the inlet and the outlet. The first unit includes first and second 
regenerable filter beds and each bed including a first adsorbent for removing a first contaminant from 
the stream of fluid. The filter system further includes a first valve located between the inlet and the 
first and second filter beds for selectively directing the stream of fluid through one of the first and 

1 5 second filter beds. The other of the first and second filter beds is removed from the flow path. The 
filter system further includes a second filtering unit in the flow path between the first filtering unit 
and the outlet. The second unit is located downstream from the first unit and includes third and 
fourth regenerable filter beds, with each bed including a second adsorbent for removing a second 
contaminant from the stream of fluid. The filter system also includes a second valve located between 

20 the first filtering unit and the third and fourth filter beds for selectively directing the stream of fluid 
through one of the third and fourth filter beds. The other of the third and fourth filter beds is 
removed from the flow path. The filter system further includes a controller for operating the first 
valve to direct the stream of fluid through a desired one of the first and second filter beds and for 
operating the second valve to direct the stream of fluid through a desired one of the third and fourth 

25 filter beds, wherein the first and second filtering units are operated independent of one another. 

According to another aspect of the present invention, a method of removing at least a first 
and a second contaminant from a stream of fluid includes the steps of providing the stream of fluid; 
directing the stream of fluid through a filtering system having a first filtering unit with first and 
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second regenerable filter beds and a second filtering unit with third and fourth regenerable filters 
beds, the first and second filtering units being in fluid connection with one another; filtering a first 
contaminant from the stream of fluid in the first filtering unit; filtering a second contaminant from 
the stream of fluid in the second filtering unit; regenerating one of the first and second filter beds of 
5 the first filtering unit; and, regenerating one of the third and fourth filter beds of the second filtering 
unit independent of the step of regenerating the one of the first and second filter beds. 

In accordance with still another aspect of the present invention, a regenerable filter system 
includes a first flow path along which a stream of process fluid flows between a process fluid inlet 
and a process fluid outlet; and a first filter unit in the first flow path. The first filter unit includes a 

1 0 first regenerable filter bed having a first adsorbent for removing a first contaminant from the stream 
of fluid. A second filter unit is provided in the first flow path, the second unit being located between 
the first unit and the outlet of the first flow path. The, second unit includes a second regenerable 
filter bed having a second adsorbent for removing a second contaminant from the stream of fluid. 
A second flow path is provided in the system along which a stream of regeneration fluid flows 

1 5 between a regeneration fluid inlet and a regeneration fluid outlet. A controller selectively directs the 
process fluid through the first flow path and the regeneration fluid through the second flow path, 
wherein a regeneration cycle of the first filter unit is independent of a regeneration cycle of the 
second filter unit. 

Brief Description of the Drawings 

20 The foregoing material on the filtering system of this application will in part be obvious and 

in part be pointed out more fully hereinafter in connection with a written description of preferred 
embodiments of the present invention, illustrated in the accompanying drawings in which: 

FIG. 1 is a schematic representation of a four bed regenerable filter system in accordance 
with the present invention; 
25 FIGS. 2 A and 2B are a pictorial representation of positions 1 and 2 of the valves of the filter 

system of FIG. 1; 

FIG. 3 is a chart showing the different feed arrangements; 

FIG. 4 is a schematic diagram of water adsorption on BPL activated carbon; and, 
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FIG. 5 is a schematic diagram of the effect of relative humidity on chloroethane adsorption 
on BPL activated carbon. 

Description of the Preferred Embodiments 

Referring now in greater detail to the drawings wherein the showings are for the purpose of 
5 illustrating preferred embodiments of the invention only, and not for the purpose of limiting the 
invention, FIG. 1 illustrates a filtering system 10 having a first filter unit 20 and a second filter unit 
30. Filter system 1 0 further includes a flow path 40 which can be any known fluid flow containment 
arrangement for maintaining a flow of fluid between an inlet and an outlet. This can include, but is 
not limited to, any known piping and/or ductwork capable of maintaining a fluid flow. Flow path 

1 0 40 begins at a feed gas inlet 42 and ends at clean product outlet 44. In general terms, flow path 40 
directs a contaminated feed gas or fluid through filter system 10 and further controls the fluid flow 
of a clean product fluid out of filter system 10. The individual components of flow path 40 will be 
discussed in greater detail below in connection with the remaining structure of the filter system. 
System 10 further includes a regeneration gas flow path 50 which shares some of the 

15 structure of flow path 40 to direct a regeneration gas between a regeneration gas inlet 54 and a 
regeneration gas outlet 56. Regeneration flow path 50 will also be discussed in greater detail below. 

Starting at the gas inlet 42 and working downstream to clean product outlet 44, filter system 
1 0 can include a fluid pump 60 to increase and/or create pressure in the feed gas as it passes through 
flow path 40. Adjacent to inlet 42 is line 62 which directs the feed gas between inlet 42 and a first 

20 valve 63 . Line 62 can include a cooling and/or heating unit 68 that can be used to create an optimal 
feed gas temperature for promoting efficient filtration of the contaminated feed gas based on the 
adsorbent used in filter system 10. Cooling and/or heating unit 68 can further be used to create an 
optimal humidity or moisture level in the contaminated feed gas. Cooling the feed gas to a 
temperature at or below its dew point temperature removes water via condensation. However, the 

25 air is now at or near 1 00% relative humidity. Therefore one must perform an additional drying step 
or heat the air up to reduce the relative humidity. This can further maximize the efficiencies of filter 
system 10. System 10 can further include a temperature and relative humidity control device 70 
which includes sensors in line 62 wherein control device 70 monitors the temperature and/or relative 
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humidity of the feed gas as it exits cooling and/or heating device 68 and, then, adjusts the operation 
of the device 68 as needed to obtain the optimal feed gas temperature and/or relative humidity before 
the feed gas enters the first filter unit 20. The device 68 can first cool the feed gas to reduce its water 
content and then heat it again to a desired temperature to control the relative humidity. Alternatively, 
5 separate cooling and heating units can be provided for the system. 

Control device 70 can also be in communication with a system control 76 which will be 
discussed in greater detail below. Control device 70 can be any known sense and control apparatus 
which can sense temperatures and/or relative humidity of fluids and control another apparatus based 
on this information. Furthermore, control device 70 can further include a pressure sensor (not 

10 shown) wherein the control device 70 can communicate with fluid pump 60 to maintain a desired 
fluid pressure through system 10. It should also be noted that units 68 and 70 can be positioned in 
other portions of flow path 40 or even in flow path 50 to maintain a desired fluid state. This can be 
true if subsequent filtering units have different optimal operating conditions, which will be discussed 
in greater detail below. Pump 60, cooling and/or heating unit 68, humidity control device 70, and 

1 5 sensors can be any of those known in the art. Further, it should be noted that an evaporator can be 
utilized in cooling/heating unit 68 to cool incoming feed gas. 

Valve 63 can be a two-position valve having a position 1 and a position 2 as shown in FIGS. 
2A and 2B. Valve 63 includes two flow channels 90 and 92. In FIG. 1, valve 63 is shown in 
position 1 wherein flow channel 90 connects line 62 with a line 96 of first filter unit 20. In this 

20 position, the feed gas is directed through line 96 toward a filter bed A of first filter unit 20. When 
in position 2, flow channel 90, connects line 62 with a line 98 and directs the feed gas toward a filter 
bed B of unit 20. Lines 96 and 98 include bypass loops 100 and 102, respectively, which work in 
connection with the regeneration process and flow path 50, which will be discussed in greater detail 
below. The flow through bypass loop 100 is controlled by shutoff valves 106 and 108 and the flow 

25 through bypass loop 102 is controlled by shutoff valves 110 and 112. 

With respect to flow path 40 and the feed gas, when filter bed A is in a filtering condition, 
valve 63 is in position 1, valve 106 is in an opened position and valve 108 is in a closed position. 
Under these conditions, the feed gas travels through line 62 through flow channel 90 of valve 63, 
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through line 96 and past open valve 106 into filter bed A. Feed gas enters filter bed A at an end Al 
and exits filter bed A at an end A2. The feed gas is filtered by the adsorbent in filter bed A such that 
when the feed gas enters line 1 18 at least one contaminant has been removed from or substantially 
reduced in it. The feed gas then travels through line 1 1 8 toward a second valve 120. When valve 
5 63 is in position 1 , the feed gas is not allowed to pass through filter bed B of unit 20 thereby allowing 
filter bed B to be regenerated while filter bed A is filtering the feed gas. 

When valve 63 is switched to position 2, the feed gas passes through line 62 and into channel 
90 which directs the feed gas into line 98 and flows towards filter bed B. When filter bed B is in the 
filtering condition, shut-off valve 1 10 is in the open position and shut-off valve 1 12 is in a closed 

1 0 position thereby preventing the fluid flow from entering bypass loop 1 02. The feed gas then travels 
through line 98, and is directed into filter bed B at an end Bl , passes through it and exits it at an end 
B2. As with filter bed A, the at least one contaminant is removed from or substantially reduced in 
the feed gas before the feed gas enters line 122. The feed gas then travels through line 122 toward 
the second valve 120. Accordingly, by the time the feed gas enters the second valve 1 20, the at least 

15 one contaminant has been at least partially removed from the feed gas whether the feed gas has 
traveled through filter bed A or filter bed B. 

The second valve 120 controls the flow of the feed gas between first filter unit 20 and second 
filter unit 30. Included in second valve 120 are flow channels 132 and 134. When the first valve 
63 is in position 1 and the second valve 120 is in position 1, as is shown in FIG. 1, flow channel 132 

20 fluidly connects line 118 and a line 140 thereby directing the fluid flow toward a third filter bed C 
in the second filter unit 30. In this position, flow channel 1 34 is removed from flow path 40. As can 
be appreciated, while flow path 40 maintains a fluid connection between inlet 42 and outlet 44, the 
flow path is defined along different pipes and/or ductwork based on the positioning of the valves. 
When the second valve 120 is switched to position 2, flow channel 132 directs the fluid flow from 

25 line 118 into a line 142 and toward a fourth filter bed D in the second filter unit 30. 

However, when the first valve 63 is in position 2, feed gas enters the second valve 120 by 
way of line 122 such that when the second valve 120 is in position 1, the feed gas travels from line 
122 into flow channel 134 which is in fluid communication with line 142. When the second valve 
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120 is in position 2 and the first valve 63 is in position 2, the feed gas flows through line 122 and 
into flow channel 134 thereby entering line 140 and filter bed C of second filtering unit 30 at an end 
CI thereof. As the feed gas or fluid passes through filter bed C and exits at an end C2, at least one 
second contaminant is at least partially removed from the feed gas based on the adsorbent used in 
5 filter bed C. Accordingly, once the feed gas exits filter bed C into a line 144, the feed gas should be 
a clean or substantially clean product or fluid. 

The clean product or fluid then travels toward a third valve 150 which includes flow channels 
152 and 154. In position 1, which is shown in FIG. 1, line 144 is in fluid connection with an outlet 
line 160 by way of flow channel 152. Accordingly, when the second valve 120 and the first valve 

10 63 are in position 1 , the feed gas flows through filter bed C and through line 1 44. The clean product 
then flows through channel 152 and into line 160 thereby exiting flow path 40 at outlet 44. When 
the first and second valves 63 and 120 are positioned such that the feed gas travels through line 142 
and enters filter bed D at an end Dl wherein the second contaminant is removed from the feed gas 
in similar fashion as filter bed C, feed gas exits filter bed D at an end D2 and the feed gas enters a 

1 5 line 1 64 as a clean product. The clean product then travels toward the third valve 150 which must 
be in position 2 such that flow channel 154 is in fluid communication with outlet line 160 allowing 
the fluid flow to reach outlet 44. 

Essentially, the above description relates only to the flow of the feed gas through filter system 
10. As will be discussed in greater detail below, a regeneration gas can travel through filter system 

20 10 simultaneously with the flow of the feed gas. However, the regeneration gas travels through a 
separate regeneration flow path 50. While the regeneration flow path utilizes many common lines, 
pipes and/or ductwork as flow path 40, it is separated from flow path 40 at any given time and/or 
point. The many valves of the system direct fluid flow in the respective flow paths. 

Referring to FIG. 1 , and with particular reference to valves 63 (V 1 ), 1 20(V2) and 1 50 (V3) 

25 and the corresponding valve chart of FIG. 3, valves VI, V2 and V3 dictate a flow of gas along the 
flow path 40 by controlling fluid flow as follows: 
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Feed gas flows through filter ,beds A and C when VI is in position 1 and V2 
is in position 1 . V3 needs to be in position 1 to allow the clean product to exit outlet 
44. 

Feed gas flows through filter beds B and D when VI is in position 2 and V2 
is in position 1 . V3 needs to be in position 2 to allow the clean product to exit outlet 
44. 

Feed gas flows through filter beds A and D when valve VI is in position 1 
and V2 is in position 2. V3 needs to be in position 2 to allow the clean product to 
exit outlet 44. 

Feed gas flows through filter beds B and C when VI is in position 2 and V2 
is in position 2. V3 needs to be in position 1 to allow the clean gas or fluid to exit 
outlet 44. 

The positioning of the valves 63 (VI), 120 (V2) and 150 (V3) is controlled by systems 
control unit 76 which can allow for manual control of the valves and/or electro mechanical control 
of the valves based on a control card, computer apparatus and/or other controlling devices known 
in the art. System control 76 can be used to monitor and control all valves and all components in 
the filtering system 10. System control 76 can also be either hard wired to the valves or can utilize 
wireless technologies, as is known in the art. 

Filter beds A, B, C, and D of filter system 10 can be utilized to remove a large range of 
contaminants from a feed gas. This can include the removal of toxic gasses such as carbon 
monoxide, nitrogen oxides, as well as traditional chemical warfare gasses such as cyanogen chloride, 
hydrogen cyanide, GB (sarin), and HD (mustard gas). Since the adsorption characteristics of this 
range of chemicals is so wide, it is difficult for a single filtering unit to filter all chemicals efficiently. 
That is the reason why different filtration media can be used in the two sets of filter beds. Filter beds 
A, B, C, and D can utilize adsorbents such as silica gels, alumina silicates, activated carbons (both 
coconut shell and/or coal-based), polymeric resins, and other synthetic microporous adsorbents. 
While applicants provide these examples, the invention of this application can be used in connection 
with other adsorbents and adsorbent configurations known in the art such as immobilized granular, 
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cloth and clothlike materials, pleated adsorbent structures and extruded adsorbent particles and 
structures. 

With respect to the remaining discussions, temperature regenerable adsorbents and the 
regeneration thereof will be discussed. However, it should be noted that this application should not 
5 be limited to any specific type of adsorbent material. 

Regeneration of the filter beds, when thermal swing adsorbents are used, utilizes a 
regeneration gas which flows upstream through filter units 20 and 30 between the regeneration gas 
inlet 54 and the regeneration gas outlet 56 and flows through regeneration flow path 50. 
Regeneration can also utilize back-flow gasses which will be discussed below. A regeneration gas 
10 entering inlet 54 travels through line 172 toward the third valve 150. When the third valve 150 is 
in position 1, regeneration gas line 172 is in fluid communication with line 164 by way of flow 
channel 1 54 in the third valve 150. If the third valve 1 50 is in position 2, the regeneration gas passes 
from line 172 to line 140 by way of flow channel 152 in valve 3. Accordingly, as previously 
discussed with respect to the feed gas, the flow path of the regeneration gas is also controlled by the 
15 first, second and third valves 63, 120 and 150, respectively. Furthermore, as will be discussed in 
greater detail below, the regeneration flow path 50 utilizes much of the same pipe and/or ductwork 
as the feed gas flow path 40 depending on the position of the three valves 63, 120 and 150. With 
the third valve 150 in position 1, the regeneration gas passes through a heat exchanger 176 in line 
164 which heats the regeneration gas to a desired temperature sufficient to regenerate the adsorbent 
20 in filter bed D. As will be appreciated, the temperature necessary to regenerate the adsorbent in filter 
bed D is based on the adsorbent used in filter bed D and the chemical nature of the contaminant(s). 
As with all the heat exchangers that will be discussed in this application, any heat exchanger known 
in the art for heating a fluid sufficient to regenerate the adsorbent can be used. Furthermore, the heat 
exchanges can also provide cooling capabilities and can be integrated with cooling/heating unit 68 
25 to reduce regeneration cycle times. 

The heat exchanger 1 76 can recover waste heat from the condenser of the cooling side of the 
cooling and/or heating unit 68, as is known in the art. That will provide some or all of necessary heat 
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for the regeneration gas. In addition or alternatively, a separate heating source, not illustrated, may 
also be used to heat the regeneration gas. 

Once the regeneration gas passes through heat exchanger 176 and is raised to the proper 
temperature, the heated regeneration gas enters filter bed D at end D2 and begins to heat the 
5 adsorbent in filter D to the desired temperature for regenerating the adsorbent. As will be 
appreciated, the adsorbent in filter bed D will begin to heat first at end D2 and the temperature 
change in the adsorbent will travel toward end Dl of filter bed D. Filter bed D can include a 
temperature sensor or a thermocouple 180 positioned between Dl and D2 of filter bed to monitor 
the temperature change in the adsorbent of the filter bed. Sensor 1 80 is spaced sufficiently far from 

1 0 end D 1 to be in a position to determine the proper point in which to turn off heat exchanger 1 76 such 
that the heat remaining in heat exchanger 176 and within filter bed D will sufficiently heat the 
regeneration gas so that it can continue the regeneration of filter bed D all the way to its inlet Dl. 
At the same time, the amount of energy utilized by heat exchanged of 176 during the regeneration 
cycle is minimized. Sensor 1 80 can also be used to prevent the overheating of the adsorbent in filter 

15 bedD. 

As will be appreciated, both heat exchanger 176 and sensor 180 can also be connected to 
system control 76 so that the regeneration cycle of filter bed D can also be monitored and controlled. 
As the regeneration gas exits filter bed D at end Dl, it enters line 142 which in this valve 
arrangement is part of flow path 50 of the regeneration gas. Further, while filter bed D is being 

20 regenerated, filter bed C is in flow path 40 and can be utilized to filter contaminants from the feed 
gas. The flow of the regeneration gas through unit 20 will be discussed in detail below. 

When the third valve 1 50 is in position 2, filter bed D is no longer a part of flow path 50 and 
can be used to remove contaminants from the feed gas while filter bed C can be regenerated. More 
particularly, when the third valve 150 is in position 2, line 172 is connected to line 140 by flow 

25 channel 1 52 wherein line 144 becomes part of flow path 50. As the regeneration gas flows toward 
filter bed C, it passes through a heat exchanger 186 which is similar to heat exchanger 176 and the 
heated regeneration gas enters filter bed C at end C2 and travels through filter bed C toward end CI . 
Filter bed C can also include a temperature sensor or thermocouple 1 90 positioned between ends C 1 
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and C2 to monitor the temperature change of the adsorbent in filter bed C. As with sensor 180, 
sensor 190 is positioned to detect the change in temperature of the adsorbent in filter bed C as it 
travels from end C2 to end CI such that heat exchanger 1 86 can be turned off at the proper time for 
the heating wave front to reach sufficiently close to end CI and so that the adsorbent is not 
5 overheated. Once the regeneration gas has exited end CI of filter bed C, it enters line 140 and 
travels toward the second valve 120. 

Depending on the position of the second valve 120, the flow of the regeneration gas will 
either be toward filter bed A or filter bed B of filter unit 20. The selection of whether the 
regeneration gas travels toward filter bed A or B is dependent on which of these filter beds needs to 

10 be regenerated. Furthermore, if neither filter bed A or filter bed B needs regeneration, system 10 
includes bypass loops 100 and 102 so that the regeneration gas can bypass these two filter beds. As 
will be discussed in greater detail below, the contaminants that are filtered by filter beds C and D can 
be the type that require a regeneration of the third and fourth filter beds C and D more frequently 
than of filter beds A and B. As a result, if both filter beds A and B are in a clean and ready to filter 

15 condition, one of the bypass loops can be used to bypass the flow of regeneration gas to further 
improve the efficiencies of filter system 10. As can be appreciated, all of these conditions can be 
monitored and controlled by system control 76. 

More particularly, with the third valve 1 50 in position 1 and the second valve 120 in position 
1, the regeneration gas flows through filter bed D toward the second valve 120 and then passes 

20 through flow channel 1 34 of the second valve 1 20 into line 1 22 wherein line 1 22, which is now part 
of regeneration flow path 50. If regeneration is necessary for filter bed B, shut-off valve 112 will 
be in the closed position while shut-off valve 1 10 will be in the open position thereby allowing the 
flow path 50 of the regeneration gas to travel through a heat exchanger 196 and enter into end B2 
of filter bed B. Filter bed B can also include a temperature sensor or thermocouple 200 for tracking 

25 the temperature change of the adsorbent in filter bed B. As with filter beds C and D, sensor 200 is 
sufficiently spaced from end B 1 to communicate with system control 76 such that control 76 can turn 
off heat exchanger 196 at the precise time to maximize efficiencies and/or productivities depending 
on which is the most important. 
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If both filter beds A and B are in a clean condition, bypass loop 102 can be utilized to bypass 
filter bed B and pass the regeneration gas toward the first valve 63 without affecting filter bed B. 
For gas to pass through bypass loop 102, shut-off valve 1 12 is in the open position while shut-off 
valve 110 is in the closed position. Regardless of whether or not bypass loop 102 is utilized, 
regeneration gas passes through line 98 toward the first valve 63. In position 1, the first valve 63 
directs the flow of the regeneration gas through flow channel 92 and into exit line 204 so that it can 
exit regeneration gas outlet 56. 

When the second valve 1 20 is positioned such that the regeneration gas enters line 118 (either 
a) valve 120 in position 1 and valve 1 50 in position 2 or b) valve 120 in position 2 and valve 1 50 in 
position 1), filter bed A can be regenerated. Similarly to filter bed B, filter bed A includes a heat 
exchanger 206 and a temperature sensor or thermocouple 210. When filter bed A needs 
regeneration, bypass loop 100 is closed off such that shut-off valve 108 is in the closed position and 
shut-off valve 1 06 is in the open position thereby allowing the regeneration gas to flow through heat 
exchanger 206 which sufficiently heats the regeneration gas to the desired temperature necessary to 
regenerate the adsorbent used in filter bed A. As previously discussed, filter bed A can utilize a 
temperature sensor 2 1 0 to monitor the heat flow from end A2 to end Al of filter bed A to determine 
the proper time in which to shut-off heat exchanger 206. As with the other sensors and heat 
exchangers, sensor 210 and heat exchanger 206 can be connected to system control 76 so that control 
76 can turn off heat exchanger 206 at the optimal time. 

If regeneration of filter bed A is not needed, shut-off valve 108 can be in the open position 
while shut-off valve 106 can be in the closed position, thus employing bypass loop 100. This will 
re-route the regeneration gas around filter bed A into line 96 toward the first valve 63. Whether or 
not bypass loop 100 is utilized or the regeneration gas flows through filter bed A, valve 63 needs to 
be in position 2 such that line 96 is in fluid communication with an exit line 204 by way of flow 
channel 92 and flows out regeneration gas outlet 56. 

As can be appreciated, based on the positioning of the three valves 63, 120 and 150 valves, 
either of filter beds A and B and either of filter beds C and D can be regenerated simultaneously 
while the other filter beds are used to filter contaminants. 
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The regeneration gas or purge gas can be pulled from a clean environment to regenerate at 
least one of filter beds A, B 5 C, and D. The regeneration gas used can be a portion of the clean gas 
exiting at the clean product outlet 44. To this end, a conduit 220 can connect the clean product outlet 
44 to the regeneration inlet 54. Furthermore, a regeneration pump 2 1 4 can be positioned near outlet 
5 56. Thus, regeneration can be done under a slight vacuum which further increases the efficiency of 
the regeneration step. This is especially true for weakly adsorbed vapors, which will be discussed 
in greater detail below. It would also be conceivable to employ only partially filtered gas for this 
purpose, although this approach is not favored. 

In operation, system 10 can work as follows. Starting with the filter bed A, a feed gas is 

1 0 introduced into system 1 0 wherein the first valve 63 is in position 1 to direct the feed gas to filter bed 
A. Over time, the effluent concentrations of a single contaminant, or more than one contaminant, 
in filter bed A begins to rise. The time that bed A may remain online or on stream and filter the feed 
gas, depends on many factors including the concentration of the contaminants in the feed gas and 
the amount of adsorbents in filter bed A. The feed gas temperature and the chemicals to be filtered 

15 from the feed gas also affect the amount of time that filter bed A can be maintained online. 

Before the contaminants in filter bed A reach an unacceptable effluent concentration, feed 
gas is redirected from filter bed A to filter bed B by changing the first valve 63 from position 1 to 
position 2, as shown in FIGS. 2A and 2B. It should be noted that if the same filter bed of the second 
filter unit 30 is to be maintained online, the position of the second valve 120 must also be changed 

20 at the same time that the position of the first valve 63 is changed to maintain the flow of feed gas 
through the same filter bed in the second filter unit 30. At this time, filter bed A must be regenerated 
while filter bed B is filtering the feed gas. As is set forth above, the regeneration of filter bed A can 
be from the regeneration gas entering filter system 10 from regeneration gas inlet 54. 

The regeneration step is divided into two parts, namely, heating and cooling. The heating 

25 part of the regeneration step or cycle can be accomplished as described above by utilizing heat 
exchanger 206 thereby heating the regeneration gas before it enters end A2 of filter bed A. Heat 
exchanger 206 heats the regeneration gas before it enters the filter bed. It should be noted that other 
methods of heating the adsorbent which are known in the art may be utilized. These approaches 
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include bed resistance heating and in-bed heating elements. The purpose of the heating step is to 
raise the partial pressure of the adsorbed contaminants so that as little purge gas as is necessary is 
needed to regenerate the bed. After the heating step is completed, which as stated above can be 
monitored by a temperature sensor or thermocouple positioned within filter bed A, filter bed A must 
5 be cooled back to or near the feed gas temperature to maximize the filtering properties of the 
adsorbent. In this respect, exposing filter bed A to the feed gas before it has cooled sufficiently can 
result in immediate or near immediate breakthrough of contaminants into the effluent product gas 
exiting the filter bed. Accordingly, monitoring and properly controlling the regeneration step 
improves efficiency and filtering properties of the system. 

10 The remaining filter beds B, C and D are generally regenerated in a similar fashion. 

Obviously, the valve arrangements will be different, however. 

In operation, first filter unit 20 can operate independently from second filter unit 30 thereby 
maximizing the efficiencies of the respective filtering unit. In this respect, filtering units 20 and 30 
can be utilized to filter a different contaminant or a different group of contaminants from the feed 

15 gas. As a result, filter unit 20 can be specifically designed and configured for the particular 
contaminant or group of contaminants instead of having to be configured to be utilized for all 
contaminants. This specialized approach of employing different filter units for different types of 
contaminants allows each filter unit to be highly efficient for its particular contaminant or group of 
contaminants. 

20 It should be noted that while only two filter units are shown in connection with the 

description of this application, additional filter units can be utilized to filter a third, fourth, fifth, etc. 
group of contaminants from the feed gas. In addition, more than two filter beds can be utilized for 
either or both filter units 20 and 30 or any other filter units that are used in connection with filter 
system 10 without detracting from the invention of this application. This is especially important if 

25 the feed gas includes a high concentration of contaminants to be filtered wherein the saturation rates 
of a filter bed is less than the regeneration cycle of the offline filter bed. Overcoming this condition 
can be handled either by utilizing differently configured filter beds, such as larger filter beds that 
hold additional adsorbent, or by utilizing more than two filter beds. 
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In order to maximize the efficiency of the filter units 20 and 30 which are used to remove a 
different contaminant or group of contaminants from the feed gas, system control 76 allows filter 
units 20 and 30 to operate independently of one another. In one filtering arrangement, the range of 
potential feed chemicals can be broken into two general chemical categories, namely, high boiling 
5 vapor chemicals and low boiling vapor chemicals. The high boiling vapor chemicals can be filtered 
by the first unit 20 while the low boiling vapor chemicals can be filtered by the second unit 30. More 
particularly, high boiling vapor chemicals such as mustard gas or dioxin are normally strongly 
adsorbed. In other words, the adsorbent can accumulate a large adsorbed phase concentration 
(loading) of the chemical. Thus, the loading of the adsorbent is high, even at a very low 

1 0 concentration of the chemical (e.g. 1-10 ppm.) in the feed gas. Since high boiling vapor chemicals 
have such a low volatility, the feed gas concentration of these chemicals will typically be very low. 
This is a result of the vapor pressure of the pure liquid being low at room temperature. 

Since the heat adsorption is typically very high for these types of vapors, the change in 
loading as a function of the temperature of the feed gas and the concentration of the contaminant is 

15 small. More particularly, the adsorbent loading of these strongly adsorbed vapors is relatively 
unaffected by the concentration of the chemical in the feed gas and the temperature of the feed gas. 
As a result, a small amount of adsorbent can retain a relatively large amount of the contaminant. 
Therefore, the filter beds used for the high boiling vapor chemicals can be maintained online or on 
stream for an extended period of time as compared to those used for low boiling vapor chemicals 

20 and can be smaller. However, the temperature required for effectively removing these adsorbed 
gasses (regenerating the filter bed) is relatively high. 

Conversely, low boiling vapor chemicals, such as hydrogen cyanide and ammonia are weakly 
adsorbed chemicals. Further, these vapors can be introduced in much higher concentrations than 
high boiling vapor chemicals. The amount of chemical adsorbed from the feed gas per unit mass of 

25 adsorbent is much lower for low boiling chemicals. This is true even at elevated feed concentrations. 
Also, weakly adsorbed chemicals can typically be displaced by adsorbed water which can be present 
in the feed gas entering system 1 0. The loadings for low boiling chemicals are typically much lower 
(an order of magnitude or more) than a high boiling chemical at the same vapor phase concentration. 
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As a result, even under optimal conditions, much more adsorbent is required for low boiling 
chemicals than for high boiling chemicals. In addition, the relative loadings of low boiling 
chemicals are much more sensitive than high boiling chemicals to both temperature and water 
loading (relative humidity). Therefore, the amount of adsorbent required to retain such low boiling 
chemicals can be significantly reduced by maintaining the feed gas at an optimum temperature and 
relative humidity. 

Nonetheless, as should be appreciated, the filter beds utilized in connection with low boiling 
vapor chemicals can be very different than the filter beds utilized to filter high boiling vapor 
chemicals. Filter system 10 allows each filter bed to be optimized based on the particular 
contaminant to be filtered by the independent nature of each filter unit. Filter system 10, as shown 
in FIG. 1, represents one particular configuration of filtering systems according to the present 
invention which utilizes two filter units 20 and 30 each having two filter beds A, B, C, and D, 
respectively. 

Filter beds A and B of unit 20 are filled with adsorbent to remove high boiling vapor 
chemicals in the feed gas. The cycle time for filter beds A and B is greater than one hour. A cycle 
time of two hours means that each bed is on stream for one hour and, therefore, the entire 
regeneration step including both heating and cooling of the regenerated filter bed must be 
accomplished in one hour. The regeneration temperature range for beds A and B can be between 
approximately 90°C and 200°C. For example, it can be about 125°C if desired. Water adsorption 
can be of little concern in filter beds A and B if the adsorbent chosen is sufficiently hydrophobic so 
that the strongly adsorbed contaminant materials are not affected. For example, a 13x molecular 
sieve might not be an appropriate choice for filter beds A and B in this particular arrangement. A 
less hydrophilic adsorbent, such as silica gel, might be more appropriate. 

Conversely, filter bed C and D of unit 30 can be designated to remove the weakly adsorbed 
low boiling vapor chemicals. Under these circumstances, the cycle time for filter beds C and D can 
range between 10 minutes to 90 minutes, even though additional adsorbent is utilized in these filter 
beds. For example, the cycle times for these filter beds are often approximately 20 minutes. The 
regeneration temperature for filter beds C and D can be on the order of only 75°C. Thus, the 
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regeneration temperature of the filter beds in the second unit 30 is lower than the regeneration of the 
filter beds in the first unit 20. Since water adsorption is a greater concern for the filter beds in the 
second unit 30, the humidity of the feed gas should be controlled, as previously discussed. It is 
considered advantageous to remove the high boiling point chemicals first (via filter unit 20) and that 
5 the lower boiling point chemicals (via filter unit 30), since the short cycle time filters C and D need 
to be regenerated much more frequently than the long cycle time filters A and B. 

As a result of the independent cycle control, the high regeneration temperature necessary to 
regenerate filter beds A and B is only necessary every two hours instead of every 20 minutes based 
on the cycle times of beds C and D. If these high temperatures were utilized for all four filter beds 

10 A, B, C, and D, the energy consumed by the filter system would be much higher. While energy 
conservation may not be a concern in industrial settings, where a heated gas, such as steam, may be 
plentiful, energy efficiency is a concern in non-industrial settings. Further, if the 20 minute cycle 
times were used for all filter beds, energy consumption would also be much higher. By operating 
filter unit 20 independently of filter unit 30, the filter system does not need to regenerate all filter 

1 5 beds based on the fastest breakthrough chemical, namely, a chemical which is weakly adsorbed, and 
does not need to create a regeneration temperature based on a strongly adsorbed chemical. Thus, the 
amount of energy needed to operate the system disclosed herein is significantly reduced from what 
is known in the art. 

Another advantage of operating filter unit 20 independently of filter unit 30 is that the 
20 adsorbent of each filter bed is not overheated. In this respect, utilizing a single temperature 
regeneration gas for all filter beds, regardless of the adsorbent utilized and the contaminate being 
filtered, not only results in higher energy consumption, but also can produce an overheating of the 
particular adsorbent utilized to filter the contaminant. This decreases the likelihood of potentially 
deleterious chemical reactions. Furthermore, utilizing temperature sensors within the filter beds also 
25 helps prevent overheating of the adsorbent material in each of the filter beds by allowing system 
control 76 to monitor the heating of the adsorbent and to determine the optimal time to shut off the 
heating of the regeneration gas to prevent overheating and to minimize the regeneration cycle time. 
As stated above, this includes both heating the adsorbent for regeneration and cooling the adsorbent 
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to feed gas temperature so that the bed can be put online or in stream only after the adsorbent is at 
the proper temperature. Again, an elevated temperature in the adsorbent when online can reduce 
filter efficiency and can shorten the life span of the adsorbent material. 

In another embodiment of the present invention, the relative humidity of the feed gas can be 
monitored and controlled to further increase the efficiency of at least one of filter units 20 and 30 of 
filter system 10. In this respect, adsorbed water is a large contributor to the reduction of filter 
efficiencies and the increase in energy consumption of the filter system. Referring to FIG. 4, shown 
is water loading in relation to relative humidity for BPL activated carbon (BPL is a brand name of 
Calgon Carbon Corp. of Pittsburgh, Pennsylvania). The data in the figure are measured at three 
different temperatures, namely, 25°C, 50°C and 75°C. The X axis is the relative humidity which is 
defined as the vapor pressure of water divided by the saturation vapor pressure of water in air at a 
given temperature. The Y axis is the water loading expressed as grams of water adsorbed per gram 
of BPL carbon. This figure shows that there is a large increase in the water adsorption between 
about 45% RH and 80% RH. 

Referring to FIG. 5, shown is the effect of relative humidity on chloroethane adsorption, a 
representative weakly adsorbed vapor at four different relative humidities, namely dry, 36% RH, 
72% RH and 80% RH. This data reflects what is shown in FIG. 4. For example, at 36% RH, the 
amount of chloroethane loaded is almost the same as measured for chloroethane loading under dry 
conditions. However, at 72% RH and 80% RH, the amount of chloroethane adsorbed is significantly 
reduced. 

The following calculation demonstrates the deleterious effect of the relative humidity from 
an energy consumption perspective. The heat capacity of BPL carbon is about 0.25 cal/g/°C. In 
order to heat 10 g of carbon from 25°C to 125°C, this would require at a minimum, 
100° C * 10 g of carbon * 0.25 cal I g/° C = 250 cal = 0.25 Kcal . 

As a result, 0.25 Kcal of energy is required to achieve this change in temperature. However, the 
same 10 g of carbon exposed to 80% RH air at 25°C during the filtering process, would require 
additional energy. In this respect, the heat of vaporization of water equals 9.72 Kcal/mol water = 
0.54 Kcal per gram water. Water loading at 25°C and 80% RH from FIG. 2 = 0.35 g/water/g carbon. 
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Accordingly, the energy necessary to produce a 1 00°C temperature change of the 1 0 grams of carbon 
would be as follows: 

100° C * 10 g of carbon * 0.25 cal I g/° C + 0.35 g water I g carbon * 
10 g carbon * 0.54 Kcal I g water evaporated = 2.14 KcaL 

Therefore, if the carbon is exposed to 80% RH, the amount of energy required to heat the adsorbent 
5 to the same temperature has increased by more than eight times. Therefore, controlling the relative 
humidity of the incoming the feed gas can significantly improve the efficiency of filter system 10 
by reducing the energy necessary to raise the adsorbent in the filter bed to the temperature necessary 
for regeneration. 

Moisture in the feed gas also reduces the efficiency of the adsorbent in the filtering step 

1 0 which further reduces the filtration efficiencies of the filter system. Referring to FIG. 5, an example 
of this is shown. In this respect, considering a chloroethane vapor concentration of 400 ppm, the 
following example is provided. At 36% RH, the loading of the chloroethane is about 0.05 g/g. 
However, at 80% RH, the chloroethane loading is only about 0.015 g/g. As a result, if everything 
else is held equal, if the relative humidity of the feed gas is increased from 36% RH to 80% RH, the 

15 amount of adsorbent required to retain chloroethane at 400 ppm will increase by 330%. 
Furthermore, all of the extra adsorbent needed for filtering the 400 ppm of chloroethane would also 
have water adsorption in the range of 0.35 g per g which would require additional regeneration 
energy in the magnitude of 330 % greater. Accordingly, maintaining a low relative humidity of the 
feed gas improves efficiencies both in the filtration process and in the regeneration process and 

20 further reduces the amount of adsorbent used in the particular filter beds. 

In yet another embodiment of the present invention, the feed temperature is monitored and 
controlled to further improve the efficiency of system 1 0. Furthermore, the temperature of the feed 
gas flowing through the different filtering units 20 and 30 can also be monitored and changed by 
utilizing sensors in the feed lines, not shown, or heating and/or cooling units between the filtering 

25 system, also not shown. In this respect, different adsorbent materials operate at different efficiencies 
at different operating temperatures. Based on the contaminant or groups of contaminants in the feed 
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gas and the adsorbents utilized to remove the contaminant or groups of contaminants from the feed 
gas, controlling the temperature of the feed gas can allow the system to operate at desired 
temperatures for optimizing the efficiency of the particular filter beds. 

In yet another embodiment of the invention, both the relative humidity and the feed 
temperature can be controlled to even further maximize the efficiency of system 1 0. In this respect, 
the efficiency of the system is improved when water vapor can pass through the system without 
subjecting the water vapor to phase change, namely, adsorption or condensation. While lower 
temperatures can favor the adsorption of weakly adsorbed chemicals, lower temperatures can directly 
decrease the adsorption capacity of low boiling vapors by increasing the relative humidity (thus the 
water loading) of the feed gas. Accordingly, in systems which utilize adsorbents that require cool 
feed gas in order to effectively remove low boiling chemical vapors, the relative humidity of the feed 
gas needs to be reduced to reduce the amount of adsorbed water. One potential approach is to first 
cool the feed gas to a temperature that is 5°C to 1 0°C below the desired filter operating temperature 
to condense water, then reheat the gas to the desired feed temperature to reduce the relative humidity. 
This of course, assumes that the fed gas is at an unacceptably high relative humidity entering the 
system. Alternatively, if adsorbents are utilized that perform adequately at elevated temperatures, 
the relative humidity can be reduced simple by heating the feed gas. The optimal combination of 
maintained relative humidity and maintained feed temperature is dependant on the adsorbents 
utilized in view of the contaminants which are designed to be removed from the feed gas. This 
determination is a multi-step process wherein, first, the design-limiting weakly adsorbed vapor is 
determined, then the adsorbent necessary to adsorb this contaminant is chosen. Then, the optimal 
relative humidity and temperature range for the system can be determined. 

While reducing the relative humidity in feed gas improves the efficiency of the system, it has 
been found that completely eliminating all humidity is not the optimal condition in that removing 
moisture also requires energy. Conversely, it has been found that a relative humidity of about 
30-45% produces the optimal efficiency in the system when microporous, carbonaceous adsorbents 
are used. Since humidity control of the feed gas is much more important with respect to the second 
filter unit 30 than the first filter unit 20, it would be possible to locate the cooling and/or heating unit 
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68 and humidity control 70 between the first and second filter units rather than before the first filter 
unit. 

In a further embodiment, cooling and heating unit 68 along with the temperature and 
humidity control 70 can be utilized to help regulate the temperature and humidity of the protected 
vessel or structure in which the filter system is utilized. In this respect, this filter system can be used 
in connection with structures or vehicles employed to protect people from harmful gasses, including 
toxic gasses such as those used against military personnel. Thus, the system 10 can be used on 
Army, Navy or Air Force vehicles or on stationary structures or buildings, used by military or 
civilian personnel. As can be appreciated, the filter system of this application can be utilized to 
protect people from toxic gasses resulting from military activity and/or terrorist attacks. The cooling 
and/or heating unit(s) can also be utilized to create a desired temperature and humidity level in the 
vessel or structure. 

While considerable emphasis has been placed on the preferred embodiments of the invention 
illustrated and described herein, it will be appreciated that other embodiments can be made and that 
many changes can be made in the preferred embodiments without departing from the principles of 
the invention. It is intended to include all such modifications and alterations insofar as they come 
within the scope of the appended claims or the equivalents thereof. 
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